Recent evidence suggests that the malaria parasite Plasmodium falciparum utilizes a branched respiratory pathway including both a cytochrome chain and an alternative oxidase. This branched respiratory pathway model has been used as a basis for examining the mechanism of action of two antimalarial agents, atovaquone and proguanil. In polarographic assays, atovaquone immediately reduced the parasite oxygen consumption rate in a concentration-dependent manner. This is consistent with its previously described role as an inhibitor of the cytochrome bc 1 complex. Atovaquone maximally inhibited the rate of P. falciparum oxygen consumption by 73% ؎ 10%. At all atovaquone concentrations tested, the addition of the alternative oxidase inhibitor, salicylhydroxamic acid, resulted in a further decrease in the rate of parasite oxygen consumption. At the highest concentrations of atovaquone tested, the activities of salicylhydroxamic acid and atovaquone appear to overlap, suggesting that at these concentrations, atovaquone partially inhibits the alternative oxidase as well as the cytochrome chain. Drug interaction studies with atovaquone and salicylhydroxamic acid indicate atovaquone's activity against P. falciparum in vitro is potentiated by this alternative oxidase inhibitor, with a sum fractional inhibitory concentration of 0.6. Propyl gallate, another alternative oxidase inhibitor, also potentiated atovaquone's activity, with a sum fractional inhibitory concentration of 0.7. Proguanil, which potentiates atovaquone activity in vitro and in vivo, had a small effect on parasite oxygen consumption in polarographic assays when used alone or in the presence of atovaquone or salicylhydroxamic acid. This suggests that proguanil does not potentiate atovaquone by direct inhibition of either branch of the parasite respiratory chain.
We recently presented evidence that the Plasmodium falciparum respiratory chain is branched and contains an alternative oxidase as well as a cytochrome chain (21) . The alternative oxidases of plants, fungi, and trypanosomatids transfer electrons directly from ubiquinone to oxygen in a cyanide-insensitive reaction (19) . In systems containing both an alternative oxidase and the cytochrome pathway, the alternative oxidase does not appear to contribute directly to the mitochondrial membrane potential or the energy balance of the cell. It can, however, contribute indirectly by accepting electrons from enzymes which donate electrons to ubiquinone. Alternative oxidase has been shown to contribute to the survival of plant cells under conditions in which the cytochrome chain is overloaded or blocked (25) . The respiratory pathway of P. falciparum appears to be more important for pyrimidine biosynthesis than for energy generation (12, 22) . Interestingly, the activity of P. falciparum dihydroorotate dehydrogenase, the enzymatic link between electron transport and pyrimidine biosynthesis, is inhibited by both alternative oxidase and cytochrome chain inhibitors (12, 14, 15) .
Atovaquone, a hydroxynaphthoquinone, is a potent antimalarial agent which is known to inhibit dihydroorotate dehydrogenase activity (13, 14) . At concentrations selective for P. falciparum, atovaquone has been shown to act specifically on the cytochrome bc 1 complex (complex III of the cytochrome chain) (10) . Clinical trials in which atovaquone was used alone to treat P. falciparum malaria resulted in an initial clearance of parasites from the blood followed by recrudescence in 25 to 75% of the patients (5, 18) . The model of a branched respiratory pathway in P. falciparum suggests that an alternative oxidase in these parasites could enable the survival of some parasites in the presence of atovaquone. This could explain the high recrudescence rate seen when atovaquone is used singly to treat P. falciparum malaria in clinical trials.
Screening studies have demonstrated that several antimalarial agents potentiate atovaquone (4, 18, 28, 29) . Of these, proguanil is of particular interest because its mechanism of potentiation of atovaquone is unknown. Originally, proguanil was thought to act through its metabolite, cycloguaunil, which specifically inhibits parasite dihydrofolate reductase (DHFR) and thus folate synthesis (9, 27) . However, proguanil was shown to potentiate atovaquone's activity in vitro under conditions in which cycloguanil would not be produced (4) . Further evidence that proguanil can act via a mechanism distinct from that of cycloguanil was obtained by transforming P. falciparum with human DHFR (9) . This study showed that the expression of human DHFR in P. falciparum decreased the parasite's sensitivity to cycloguanil but had no effect on its sensitivity to proguanil (9) .
Using the branched respiratory model for P. falciparum, we have determined the effects of interactions of alternative oxidase inhibitors, proguanil, and atovaquone on P. falciparum oxygen consumption. The results suggest that alternative oxidase inhibitors should potentiate the chemotherapeutic activity of atovaquone. In vitro growth inhibition assays confirm this prediction.
MATERIALS AND METHODS
Parasites. P. falciparum FCR3F86 and 3D7 were cultured in RPMI medium as previously described (16) .
Drugs and inhibitors. Cyanide, salicylhydroxamic acid (SHAM), and propyl gallate were prepared immediately prior to use. A 25-mg/ml atovaquone stock was made in dimethyl sulfoxide (DMSO), aliquoted, and stored at Ϫ20°C. A 100 mM proguanil stock was prepared in 10% DMSO-RPMI and stored in a similar manner. Aliquots were used only once and then discarded. Polarographic assays. Polarographic assays were performed over a period of 15 to 20 min as described previously (21) , with the following modifications. All experiments were performed at 35°C. Each atovaquone concentration was tested two to four times in the polarographic assay, using a stir rate of 450 to 500 rpm.
Each atovaquone concentration to be tested was prepared from a 25-mg/ml stock at 100 times the final concentration such that the final concentration of DMSO in the assay was 0.1%. DMSO concentrations of less than 0.5% did not alter the rate of parasite oxygen consumption. Between 1 ϫ 10 9 and 3 ϫ 10 9 parasites were used per experiment.
Inhibition of P. falciparum growth in vitro. The atovaquone IC 50 and IC 60 (concentrations which inhibited 50% and 60% of parasite growth) for the FCR3F86 strain were determined by measuring the incorporation of [
3 H]hypoxanthine in a 48-h assay as previously described (8) . All assays were done in triplicate. The fractional inhibitory concentrations (FICs) were determined by using the same assay with the following modifications. The atovaquone IC 50 was determined alone and at each of two fixed concentrations of SHAM (25 and 100 M). Since the assay was done in triplicate, three IC 50 s were determined for each drug combination. The mean and standard deviation of the IC 50 of atovaquone determined in the presence of SHAM was divided by the IC 50 for atovaquone alone to generate the FIC for atovaquone. The FIC for SHAM in each experiment was determined by dividing the fixed concentration of SHAM used in the assay by the IC 50 for SHAM (21) . The FICs for atovaquone in the presence of three concentrations of propyl gallate (2 M, 4 M, and 8 M) were determined by using the same method except that the IC 60 values were used. Isobolograms were generated by plotting the FICs for each compound. As previously described by Tallarida and Jacob (23) and Canfield et al. (4) , the curve shape of the isobologram is indicative of the type of drug interaction. A convex curve depicts an antagonistic relationship, a straight line an additive relationship, and a concave line a synergistic relationship between the inhibitors. Results were also expressed as the means of the sums of FICs for each pair of compounds, where the sum FIC equals the FIC of atovaquone plus the FIC of the alternative oxidase inhibitor. A sum FIC of one suggests an additive relationship, a sum FIC of greater than one suggests antagonism, and a sum FIC of less than one suggests synergism.
RESULTS
The effect of several concentrations of atovaquone on P. falciparum oxygen consumption was measured in a series of polarographic assays. Atovaquone caused an immediate reduction in the rate of P. falciparum oxygen consumption at all concentrations from 50 pM to 5 M that were tested. The relationship of atovaquone concentration to parasite oxygen consumption rate is sigmoidal (Fig. 1) . At the highest concentrations tested (0.5 to 5 M), there was a 73% Ϯ 10% inhibition of the rate of parasite oxygen consumption.
Since previous studies demonstrated that cyanide-resistant oxygen consumption by P. falciparum is inhibited by the alternative oxidase inhibitors SHAM and propyl gallate (21) , the effect of SHAM on atovaquone-resistant oxygen consumption was tested. At the highest concentrations of atovaquone tested (0.5 to 5 M), SHAM inhibited an additional 10% Ϯ 6% of the total rate of oxygen consumed by the parasite (Fig. 1) . At lower concentrations of atovaquone, SHAM inhibited a greater proportion of the total rate of oxygen consumption. In fact, at the lowest atovaquone concentrations tested (50 to 500 pM), SHAM inhibited the rate of oxygen consumption by 34% Ϯ 9%. This is equivalent to the maximum inhibition of the rate of parasite oxygen consumption seen when SHAM is used alone (30% Ϯ 2%) (21) . The remaining rate of parasite oxygen consumption that was not inhibited by the combination of atovaquone and 1 mM SHAM was inhibitable by 1 mM cyanide.
Since SHAM and atovaquone appear to inhibit complementary parts of parasite oxygen consumption, it seemed possible that they might also complement each other in their ability to inhibit parasite growth. Previous studies demonstrated that the IC 50 s of the alternative oxidase inhibitors SHAM and propyl gallate were 247 Ϯ 6 M and 24 Ϯ 3 M, respectively (21).
The IC 50 for atovaquone in various P. falciparum isolates is approximately 0.9 nM (2, 11). We determined a similar IC 50 for our FCR3F86 strain (2.1 Ϯ 0.2 nM). The IC 50 for atovaquone in the presence of two fixed concentrations of SHAM was then determined. In the presence of 25 M SHAM, the IC 50 for atovaquone was 1.2 Ϯ 0.1 nM and at 100 M SHAM, the IC 50 for atovaquone was 0.4 Ϯ 0.03 nM. Based on these results, the sum FIC for SHAM and atovaquone was determined to be 0.6, suggesting that SHAM and atovaquone inhibit parasite growth synergistically. Graphically, synergy is denoted by the concave shape of the isobologram for these compounds ( Fig. 2A) .
Similar assays were done with propyl gallate and atovaquone to investigate whether atovaquone was also potentiated by another alternative oxidase inhibitor. The IC 60 for atovaquone alone was 2.3 Ϯ 0.6 nM. The IC 60 for atovaquone in the presence of 2 M propyl gallate was 1.9 Ϯ 0.08 nM, in the presence of 4 M propyl gallate was 1.3 Ϯ 0.1 nM, and in the presence of 8 M propyl gallate was 0.2 Ϯ 0.08 nM. The sum FIC for propyl gallate and atovaquone was 0.7. The synergy between propyl gallate and atovaquone is also indicated by the concave isobologram shown in Fig. 2B .
Proguanil also potentiates the activity of atovaquone in vitro (4) and in vivo (18) , but the mechanism by which proguanil inhibits parasite growth is not understood (9) . Therefore, this drug was tested for its effect on the rate of P. falciparum oxygen consumption by using the polarographic assay. At a concentration of 1 mM, proguanil alone inhibited parasite oxygen consumption by only 9% Ϯ 6%. The rate of parasite oxygen consumption was further reduced by the addition of either 50 nM atovaquone or 1 mM SHAM, suggesting that the proguanil did not substantially inhibit either the cytochrome chain or the alternative oxidase (Table 1) . 
DISCUSSION
The data presented here indicate that atovaquone inhibits up to 73% of the rate of P. falciparum oxygen consumption. This is consistent with atovaquone's known activity on the cytochrome bc 1 complex of the cytochrome chain (10) and with evidence that cyanide, an inhibitor of complex IV of the cytochrome chain, inhibits 70% of the rate of P. falciparum oxygen consumption (21) .
Some of the parasite oxygen consumption that is resistant to atovaquone is sensitive to the alternative oxidase inhibitor SHAM. At the lowest concentrations of atovaquone, SHAM inhibited the total rate of oxygen consumption as much as it would in the absence of atovaquone (34% Ϯ 9%) (21) . However, at the highest concentrations of atovaquone, SHAM inhibited a smaller portion of the total rate of parasite oxygen consumption (10% Ϯ 6%). In contrast, SHAM inhibits the rate of parasite oxygen consumption by essentially the same amount in the presence (26% Ϯ 9%) or absence (30% Ϯ 2%) of maximally inhibiting concentrations of cyanide (21) .
It has been suggested that high concentrations of atovaquone generally inhibit ubiquinone-mediated reactions (10) . Since alternative oxidase accepts electrons from ubiquinol (20) , high levels of atovaquone might be expected to at least partially inhibit the alternative respiratory pathway as well as the cytochrome chain. The apparently reduced activity of SHAM at high concentrations of atovaquone might be due to the already reduced activity of the alternative pathway under these conditions.
At atovaquone concentrations that selectively inhibit the growth of P. falciparum in vitro (IC 50 ϭ 1 nM) and that selectively inhibit parasite cytochrome c reductase activity (IC 50 ϭ 1 nM) (10), atovaquone appears to have little if any effect on the SHAM-sensitive oxygen consumption of the parasite. SHAM inhibits parasite oxygen consumption as much in the presence of 0.5 to 5 nM atovaquone (29% Ϯ 13%) as in its absence. This suggests that the target of SHAM is distinct from that of atovaquone and is therefore consistent with SHAM acting on an alternative oxidase. Thus, at clinically useful concentrations, atovaquone-treated parasites may maintain some electron transport through an alternative branch of the respiratory chain. This might enable the parasite to complete a round of replication in which an atovaquone-resistant mutant might be selected. There is clinical evidence that a single base change in the P. falciparum cytochrome b gene can dramatically increase atovaquone resistance (up to 30,000 fold) (17) . If alternative respiration enables the parasite enough growth to permit such a mutation, this could explain the high recrudescence rates seen in patients suffering P. falciparum infections who have been treated with atovaquone alone (18) .
Based on the results of the biochemical assays presented here, we predicted that atovaquone could be potentiated by alternative oxidase inhibitors. This prediction was confirmed for both SHAM and propyl gallate (Fig. 2) . Of the two alternative oxidase inhibitors, propyl gallate would probably be more clinically useful because it has a lower IC 50 for P. falciparum (24 M) (21) and because it appears to have a relatively low mammalian toxicity. As an antioxidant, propyl gallate is commonly added to processed foods and cosmetics to prevent spoilage. For these uses, the acceptable daily intake is 0.2 mg/kg of body weight (24) . Long-term studies indicated that propyl gallate is not carcinogenic in mice or rats (1, 7) . Rat liver respiration is inhibited only 13% by 1.16 mM propyl gallate (6) . This is about 50 times the IC 50 for P. falciparum and 
a The rate of O 2 consumption is in nanomoles per minute. The percent inhibition of the total rate of parasite oxygen is indicated in parentheses.
b The concentrations of the inhibitors used were 50 nM atovaquone, 1 mM proguanil, and 1 mM SHAM.
c Results are the means of three experiments Ϯ the standard deviation.
d Results are the means of duplicate experiments Ϯ the range. more than 10 times the concentration of propyl gallate that has been shown to inhibit all cyanide-resistant oxygen consumption (21) . Together, these data suggest that propyl gallate selectively inhibits the parasite as compared to mammalian cells. The ability of alternative oxidase inhibitors to potentiate atovaquone activity suggested a new possible mechanism of action for proguanil, which also potentiates atovaquone in vitro and in vivo (4, 18) . Polarographic assays were used to test the possibility that proguanil inhibits P. falciparum oxygen consumption alone or in combination with atovaquone. For these studies, proguanil was used at a concentration 100-fold higher than its IC 50 for P. falciparum in vitro (26) . Yet, this concentration of proguanil reduced parasite oxygen consumption by much less than the amount that would be expected if either the cytochrome chain or the alternative oxidase were fully inhibited. The remaining rate of parasite oxygen consumption retained susceptibility to either atovaquone or SHAM. This suggests that neither the cytochrome chain nor the alternative respiratory pathway was specifically inhibited. Instead, proguanil may have had a more generalized effect on the cell, which may have decreased the rate of electrons entering either pathway.
Previous studies have screened known antimalarial compounds to identify those that could potentiate atovaquone (4, 18, 28, 29) . In this study, a model of the P. falciparum respiratory chain was used to assess a possible mechanism of action of one antimalarial agent which is known to potentiate atovaquone and to predict the potentiating activity of two previously untested compounds. The results of these studies support the branched respiratory chain model for P. falciparum and have identified a new class of compounds that may prove useful for the clinical augmentation of atovaquone.
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